Introduction
Comfort is the key element to be respected in clothing design and production. Apart from thermal properties of fabrics that primarily provide thermal balance of the human body, moisture transport properties are significant to safe total physiological comfort of a wearer. Larger amount of sweat and higher body temperature are the outcome of intense activities such as sports and exercises or higher ambient air temperature. If the heat and moisture are not released effectively from the body, heat stress may occur and the wearer's performance will be negatively affected [4] . If garment cannot transport sweat in a vapour form away from the skin sufficiently and quickly enough, sweat condenses on the skin or inner fabric surface. The amount of sweat absorbed by clothes is influenced by the thermal and sorption properties of knitted clothes, as well as by the openness of clothing [8] .
The undergarment should transport this liquid moisture away from the skin or inner fabric surface to the outer surface as soon as possible to ensure a safe level of comfort for users. Therefore, dynamic liquid moisture transport is very important to reduce the humidity on the surface of the skin [2] . Moisture management of fabrics is mainly influenced by the fibre type, yarn construction and fabric construction [17, 20] . The density and structure of yarns can greatly influence both the dimensions and structure of inter-and intrayarn pores. The pore size and their distribution are determined by the manner in which fibres are assembled into the woven, nonwoven, or knitted structures too [5] .
Recent research has even proved that the loosely knitted fabric samples with a higher amount of entrapped air exhibit good air permeability but poor moisture management properties [17] . The flow of liquid in fibre assemblies, such as yarn and fabric, mainly happens due to capillary forces [11] . This capillary force depends on the radius of the capillary channel and the contact angle between liquid and capillary channel as well as rheological properties of the liquid [1] .
Wicking methods belong to well-known methods that use the capillary phenomenon to evaluate liquid transport properties of fabrics. In general, wicking takes place when a liquid travels along the surface of the fibre but is not absorbed into the fibre. Physically, wicking is the spontaneous flow of a liquid in a porous substrate, driven by capillary forces. The type of flow in any porous medium, caused by capillary action, is governed by the properties of the liquid, liquid-medium surface interactions, and geometric configurations of the pore structure in the medium [13, 23] . The rate (distance per unit of time) of liquid which travels along and through a fabric specimen is visually observed according to a standardised wicking method, and manually timed and recorded at specific intervals. There are many alternative wicking test methods. Perwuelz et al. [21] used an image analysis method to investigate the capillary rise of coloured liquid in yarns structure. Another method deals with measuring water transport along textile fibres by an electrical capacitance that consists of the construction of an apparatus with a specially designed electrical amplifier circuit and condenser electrodes, between which sample fibres are placed [7, 26] . Furthermore, there exist wicking methods based
Experimental

Materials
Three groups of knitted fabrics (see Table 1 ) were analysed in terms of their efficiency of spreading water drops on the surface of knitted samples and vertical wicking behaviour. These materials were designed for patients with skin conditions (e.g. atopic dermatitis, psoriasis) and patients suffering from rheumatic diseases and diabetes. Thermal insulation is a primary feature of the studied materials containing PCM (phasechange material). Moisture management of tested materials is one of other properties that can influence total wearing comfort in case thermal properties are similar. Knitted fabrics are made of the same raw material and the same yarn count; however, all knits have different patterns.
Before being measured, the samples had been washed and air-conditioned for 24 hours. The measurement was carried out in an air-conditioned room under constant conditions at a relative humidity of 65 % and the temperature of 21° C.
Methods
The liquid moisture transport of knitted fabrics was investigated by four ways: (ii) dynamic spreading of liquid drops on the surface of samples by combination of two thermography systems and the image analysis system (iii) new vertical wicking method which combines the thermography system and the image analysis system (iv) 3D porosity of knitted fabric by the microtomography system
The results of the above-mentioned methods were compared and discussed in order to detect the real behaviour of tested knits during liquid transport within their structure. Final values (means) of all tested parameters correspond to ten measurements on average.
on electrical resistance [16, 1] . [14, 15,] and vertical wicking [9] . The colour of tested fabrics can influence the accuracy of test results obtained by image analysis, in particular in case of little contrast between the wetted area of a sample and the rest of a sample (the dry area without a drop of water). Consequently, further research was necessary to be realised in order to eliminate these drawbacks.
In the present work a technique based on the combination of thermography system and image analysis system was developed for the evaluation of both vertical wicking of fabrics and horizontal wetting of fabrics. Thermography system takes the advantage of a physical rule: during water evaporation heat arises. This process is possible to be captured on a thermograph by a thermography system. Obtained thermographs are evaluated by an image analysis system to find moisture management parameters of textile materials.
Porosity of textile materials is one of the most important parameters that affect a moisture management of textiles. Obtained 3D structure image of fabric and parameters of 3D porosity by microtomography system allow more detailed view of the causes of material behaviour caused by the spreading of liquid moisture management [24, 25, 3] . For this experiment a nondestructive method of computer microtomography was selected from the existing detection methods of porosity parameters.
The present study is focused on the application of sophisticated textile metrology methods such as thermography and microtomography in order to examine the influence of knit patterns on sweat transport. by the spreading of a liquid drop (that simulates perspiration) on the surface of a textile sample both on the back and face of the fabric after the application of the liquid. Drops were applied by means of the FB32266 digital micropipette with a volume of 20μl. Emissivity of tested fabrics was set to 0.86.
Figure 1. Schema of the testing method
The experiment allows monitoring how fast a material is able to absorb the liquid and the transmission of the moisture from the back to the face of the fabric in real time. The following analysis of recorded thermographs by image analysis system (NIS Element), see figure 2., enables to evaluate the real spreading direction of liquid moisture and the real shape of the area wetted by a drop of water.
The use of infrared cameras for monitoring the spread of liquid in the fabric is possible thanks to the visibility of physical phenomena in infrared spectrum wavelengths. Based on the principles of electromagnetic wave motion, a thermography camera is used in order to represent material characteristics in infra-red wavelengths.
The experiment took place in a measurement dark chamber with dimensions of 130 × 100 × 155 cm. All processes were automated in order to eliminate external environment influences and to ensure stable conditions. Detailed information about the principle of the aforementioned method is described in Nemcokova's work [18] .
Moisture Management Tester
The MMT was developed to quantify dynamic liquid transport properties of knitted and woven fabrics through three dimensions:
• absorption rate -moisture absorbing time of the fabric's face and back surfaces
• one-way transportation capability -one-way transfer from the fabric's back surface to its face surface
• spreading/drying rate -the speed at which liquid moisture spreads across the fabric's back and face surfaces.
MMT consists of upper and lower concentric moisture sensors. The specimen is held flat under a fixed pressure between the sensors while standard test solution is introduced to the back surface of the fabric. Electrical resistance changes between the upper and lower sensors which are then recorded dynamically. Based on the electrical resistance changes, several parameters are determined. These parameters are described in detail in Hu's work and other research [6, 27] . Two parameters were analysed in this study: OMMC [-] -overall moisture management capacity and OWTC [-] -cumulative one-way transport capacity.
OMMC is an index which indicates the overall ability of the fabric to manage the transport of liquid moisture, which includes three aspects of performance: the moisture absorption rate of the face side, one-way liquid transport ability, and moisture drying speed of the face side, which is represented by the maximum spreading speed.
[6]
OWTC is defined as the difference in the cumulative moisture content between the two surfaces of the fabric.
[6] Negative values mean that the cumulative moisture content on the back surface of the fabric is higher than on the face surface.
Dynamic spreading of a liquid drop on a sample surface by thermography systems
This part introduces a new experiment within the scope of which areas where liquid moisture spreads are observed by a thermography camera. • circularity C [-] that is useful for examining shape characteristics. Circularity equals to 1 only for circles; all other shapes are characterized by circularity smaller than 1. It is a derived shape measure, calculated from the area and perimeter.
Vertical wicking method by thermography system
The rate of water transport is measured according to a vertical strip wicking test. One end of a fabric strip is secured vertically while the opposite end dangles in a dish containing distilled water. The height to which the water was transported along the strip is measured at intervals of 1, 5, and 10 minutes, and reported in millimetres (mm). Higher wicking values show greater capability for transporting liquid water. Thermal imaging is used to monitor moisture transport when wicking cannot be easily detected with the naked eye. Obtained thermograms are evaluated by image analysis system to find moisture management parameters of textile materials (see Figure 4) . Figure 3 represents schema of the used method.
The following parameters were evaluated in images by image analysis system:
• wetted area A [mm 2 ] at wetting time 180 sec.
•
. This feature is the maximal (minimal) value of the set of Feret's diameters. Feret's diameter at angle α equals the projected length of object at angle α, α (0,180); NIS-Elements AR calculates Feret's diameter for α =0, 10, 20, 30, ..., 180.
• orientation O [mm], is the angle at which Feret's diameters have their maximum, Connectivity is defined as the maximal number of branches that may be cut without separating the structure. Connectivity can easily be calculated from a 3D data set by using the Euler number.
As pointed out, the edge problem needs special attention in all quantifications of connection and adjustment of the Euler number might be necessary [19] .
Results and discussion
Dynamic liquid transport properties of sample by Moisture Management Tester
Two parameters which were analysed in this study OMMC (overall moisture management capacity and OWTC (cumulative one-way transport capacity) are described in Figures 7, 8 . Graph OWTC shows negative values which demonstrate that water content of fabric´s face surface is lower than that of its back one. This indicates that the liquid introduced onto the back surface of the fabric transfers to the face surface not so
3D porosity of knitted fabrics by a microtomography system
Textile porosity is a key parameter which affects its permeability such as air and water vapour permeability, water transport in liquid form, thermal resistance, etc. X-ray computed microtomography system SKYSCAN 1272 was used to investigate the influence of fabric porosity on the efficiency of liquid transport of textile structures. The method of finding values of flow permeability of porous materials, based on numerically solving fluid flow through the actual 3D pore geometry of material samples found using X-ray microtomography, appears useful especially in cases where experimental results are not available or difficult to obtain [12] . Industrial tomographs offered on the market mostly have a similar construction. Between the X-ray source and the detector (see Figure 5 ), which converts radiation into an electrical signal (the information), the measured specimen rotates about a vertical axis. During this rotation 2D images (slices) are taken in many steps. From these (often hundreds of) images, reconstruction software creates a 3D model of the real specimen in the form of cloud points ( see illustrational image in figure 6 ). These points called voxels (derived from the concept of spatial point -volume pixel) are points ordered in space that are associated with information about the absorption properties of the real object in this position [10] .
Measurements were taken under the following settings: image pixel size -10,7 µm, rotation step − 0.2°, rotation degrees − 
Dynamic spreading of a sweat drop on the surface of a sample by thermography
Thermograph records of the measurements were evaluated using the ThermaCAM Researcher Professional program. Calculation of the size of the measured area was determined by means of the NIS -elements image analysis system (see Figure 2 ). The measured values show average area values (mm²) of three measurements of a particular material. The wetting process is manifested by various liquid moisture spread speeds and sizes of the wetted area, depending on the pattern of knitted fabric. The following figure ( Figure 9 ) includes an evaluation of the spread of liquid moisture in time 180 seconds, for the back and face of fabrics.
The results of wetting the fabric on the back may indicate how fast the fabric is able to absorb and spread liquid moisture on its surface. Wetting speed is an essential criterion in selection of materials for the given purpose. By observing the behaviour of the spread of liquid onto the outside of the fabric, we will get much more important results; since liquid transmission through the material is obviously one of the conditions to label a material as suitable for functional clothes. There are only results of spreading moisture because of comparison with the above method MMT. The speed of spreading moisture is not listed, but this is possible to monitor and evaluate [18] .
What we want is transmission of perspiration from the back to the face of the fabric because it is important for draining off perspiration from the skin. The ratio of the measured areas may reflect the dynamics of the liquid moisture transmission. Although the proposed method and MMT method don't evaluate the same measurement parameters, we can say that the trends of the results are similar ( see Figure 10 ). No knitted fabric exhibits a good moisture transfer. From the results of knitted fabric A, it can be assumed that the liquid moisture is contained in the internal structure (between back and face surfaces) of the knit, which is due to its thickness. The influence of the knitted fabric pattern on the wetting process is evident.
Selected measured features are useful for shape characteristics of the wetted area. The results of image analysis measurements in form of the shape characteristics give the possibility to discuss the shape of the wetted surface.
Circularity for all tested materials that results from thermography measurements shall not take the values 1, which is determining the circular shape. This is in contrast with the MMT method fast. One-way transport capacity is poor or fair for all samples. The larger the negative value, the worse the transfer fluid. Best value shows the tested material A.
Graph OMMC indicates very small differences between all three samples that come under the category of slow absorbing and slow drying fabrics with slow spreading and poor one-way transport of liquid.
Complex analysis of all dynamic liquid transport properties is necessary in this case, because final OMMC parameter shows very similar values without bigger differences. Individual parameters such as OWTC and max wetted radius give detailed results. In time interval from 0 to 300 seconds the graph shows the most important progress. The initial wicking rate, which is the tangent slope at the initial time and the ultimate wicking height at 600 seconds, is also listed in Table 4 . All the results are based on the average numbers of ten executed tests.
As it can be seen, the total transport of liquid moisture in a fabric is performed in two stages. The fi rst stage of liquid absorbing capability is expressed as an initial wicking rate, and the second stage as ultimate wicking height. The experimental results show that a interlock (knit A) performed better instant water absorbing capability varying from 0.87 mm/s to 1.26 mm/s and water transporting abilities varying from 104.9 mm to 130.7 mm. But a plain jersey performed instant water absorbing capability from 0.54 mm/s to 0.59 mm/s and wicking height which is -on the contrary -based on the detection of moisture circular shape.
Orientation parameter indicates that the dominant direction of moisture distribution measured for all samples was in the wale direction. Different values for the face and back surfaces are caused by the particular different location of thermal cameras. However, the fi nal angles of the dominant direction of moisture distribution are similar. See Figure 1 .
Vertical wicking method by a thermography system
The wale and course wicking height of three samples in 600 seconds can be seen in Figure 11 and the graph of the wickability to 300 seconds is plotted against time in Figure 12 . determined by software CTAn for tested materials. Figures  13, 14 and 15 show final 3D images of tested materials from front and isometric views. These images represent the area of tested knits size 5x5 mm. There are detailed views to knits structure in the images.
Knitted fabric A shows the similar value of porosity to material B approximately 57% (open porosity was 56 % from that value) material C proves less porosity than A or B, see figure  16 . Nevertheless, material A is the best one considering the liquid transport results of performed tests such as wicking test, MMT, etc. It can be caused by both different sizes (diameters) of pores which participate in capillary transport phenomena and surface tension between the fabrics and water. For this reason, the structure separation distribution of pores into tested materials was investigated for both material A and material B in this study. There is percent volume in the range from 96.7 mm to 106.4 mm. Water transport in wale and course shows differences which were caused by different patterns of knit fabrics. In general, the wickability of wale is better than the wickability of course from measured samples A, B and C.
Textiles fabrics contain imperfect capillaries, with no other properties than gross surface characteristics, such as the troughs on the surface of the interlock knit, universally contributing to their wicking behaviour. Therefore, the wicking behaviour of each fabric must be determined individually.
Porosity of knitted fabric by microtomography system
First, the structures of knits were scanned by means of microtomography system SkyScan 1272. Second, the 3D reconstructions of scanned images were carried out by software NRecon and subsequently parameters of 3D porosity were system has confirmed the trend of ratio of maximal wetted areas between back and face surface means of MMT test. This method is therefore appropriate for diametric differences in structure and in material parameters (hydrophilic/hydrophobic). Moreover, this method could determine the direction of spreading of liquid drops on the surface of samples and other characteristics which describe the shape of the wetted face and back areas of knits.
It is possible to use the parameter of 3D porosity for rough estimation of fabrics´ transport properties of liquids, but the determination of pores distribution in fabrics by structure separation distribution of pores (in CT An) can be helpful in order to uncover the real reason of transport behaviour of liquids of textile structures.
[ figure 17 . Figure 17 shows that knitted fabric A contains more pores in range from 64 mm to 150mm than knitted fabric B. Further, fabric B has more pores in range from 235 mm to 280 mm. Fabric A is better due to aforementioned distribution of pores. Moreover parameter connectivity of fabric A shows twice higher value (about 49,000) than connectivity value of fabric B (about 21,000). As our research has shown, the distribution of pores in fabrics and pore diametres is very important parameters to uncover liquid transport behaviour of textile structures.
CONCLUSION
Several experimental methods have been proposed for the measurement of liquid transfer behaviour of textiles up to the present. The results of this investigation show that each of these methods brings some advantages, but on the other hand there are some drawbacks too, for example, a bad contrast between wet and dry areas of samples caused by the colour of tested fabrics (classical vertical wicking test), incomplete information about the direction of spreading drop on textile surface (MMT), etc. To uncover the efficiency of moisture management of textiles from a comprehensive view, the dynamic moisture transport of knitted fabrics was investigated by advanced methods, such as thermography and microtomography systems in this study. These applied alternative methods appropriately complement standardised ways of liquid transport evaluation and make them more precise; in particular in the cases when fabrics objective show similar comfort properties, but a wearer´s personal experience is different (worst, better).
There were three groups of knitted fabrics compared with each other in order to determine the influence of knitted patterns on sweat transport by the proposed methods. In addition to commonly measured parameters of vertical wicking and horizontal wetting (wicking height, speed of wicking, wetting area, etc.), some additional features were measured, such as equivalent diameter, orientation, circularity, elongation, 3D porosity, etc.
If solely MMT test and vertical wicking test are used, we find that material A is the best (on the basis of OMMC, OWTC, wicking speed or height, etc.). Further, it can be concluded that dynamic spreading of liquid drop test by thermography 
